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CCMBUSTI@i OF GASEOUS WDROGEN IM A SMALL RECTANGULAR RAMJET C(MBUSToR* 

By John W. Sheldon 

Seven fuel-injector-flameholder  configurations were investigated. 
in a rectangular ramjet cmbustor hadng a cross  section of 1 by 6 inches. 
Combustion efficiencies were determined f o r  a  range of fuel-air equiva- 
lence ratios at the follow3ng canbustor-inlet  conditions:  total  pressure, 
15 inches of mercury absolute; Mach nmber, 0.24; t o t a l  temperature, 
80° F. Combustor-inlet pressures  resulting in blowout of the flame were 
also determined for  a range of fuel-air  equivalence ratios. 

For the combustor configurations and test conditions  investigated, 
the maximum ccmbustion efficiency  obtained w a s  90 percent. The small 
cmbustor  size appeared t o  have  an adverse effect  on performance, probably 
because of flame-quenching on same of the cabustor  surfaces. Large- 
scale hydrogen  combustors tha t  have demonstrated satisfactory performance 
a t  similaz ogerating  conditions did not produce acceptable performance 
when scaled down t o  the dimensions of this combustor. 

IECRODUCTION 

The possibil i ty of improving the range of Jet-propelled  aircraft  by 
using  high-energy fuels is being investigated a t  the NACA Lewis laboratory 
(ref. 1). To exploit   fully the potential of special  fuels, such as hydro- 
gen, short combustors should be developed t o  take advantage of their  high 
react ivi ty  and thus reduce  engine s ize  and weight. Engine weight is 
especially important at the high altitudes  presentlybeing considered fo r  
missile flight paths. For instance,  using the Breguet  range equation, at 
ll0,OOO fee t  and a flight Mach nmber of 4.0, only a 4-percent  reduction 
in engine w e i g h t  will extend the range about 1 percent, whereas, at 
70,000 feet ,  a 16-percent weight reduction is required t o  produce thAuG 2 5 1958 
same gain in range. LAY. Sf-990 

It has been demonstrated that ramjet cmbustors may be shortened  by 
the use of hydrogen fue l  (refs. 2 and 3). The vazious ccgnbustion proper- 
t i e s  of  hgdrogen presented in  reference 4 indicate that sane types of 
small combustor units  give high performance with hydrogen fuel. 

* 
Title,  Confidential. 
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The investigation  reported herein determines the  design  principles 
for  a small, rectangular combustor having a 1- by 6-inch cross  section 
and a &$-inch burning  length. One use f o r  such a combustor  would be fn 
a cascaded (multiple p a r a e l  units) ramjet engine as in reference 5. 
Combustion efficiency was determined for  seven fuel-injector-flameholder 
cmbinations at the following approximate canbustor-inlet  conditions: 
t o t a l  pressure, -15 fnches of mercury absolute; Mach number,  0.24; and 
t o t a l  temperature, 80° F. These combustor-inlet  conaitions simulate 
combustor operation for the cascaded ramjet engine of reference 5 Fn one 
of the NACA smal l  supersonic Kind tunnels at a Mach number of 3.0. If 
a ramjet  engine were operated at a flight Mach number of 3.0 above the 
tropopause, the burner-inlet  pressure and Mach  number would be the same, 
but . the  total  temperature would be about moo F. The effecks of combustor 
pressure and Mach  number  on flame blowout were also determined fo r  each 
fuel-injection system. 

Connected-Pipe Combustor Facil i ty '  

z 

c 

The rectangular  ramjet  canbustor was tested in the connected-pipe 
f a c i l i t y  shown i n  figure 1. Combustion air and alt i tude exhaust were 
supplied  by the laboratory air supply system. The combustion air w a s  
thrott led and then metered by &11 ASME standard orifice. A. bundle of flow 
straightening  tubes was installed upstream of the o r i f i ce   t o  reduce the 
required length of the orifice run. 

A l*-foot length of 12-inch  pipe downstream  of the cambustor served 
as a calorimeter fo r  the determination of  combustion efficiency. The 
temperature of the efiaust gases i n  the calorimeter w a s  kept between 
4ooo and 50O0 F by spraying  water into the efiaust  gases when necessary. 
Two thermocouple rakes measured the equilibrium temperatures at the exit 
of-the  calorimeter. The pressure  level in the  calorimeter, as we= as 
the combustor, w a s  controlled  by a throttle  valve in the altitude 
exhaust system. 

Rectangular Cumbustor 

The rectangular  cmbustor and transition  section are i l lust rated i n  
figure 2. The fuel-injector-flameholder was located  inches downstream 
of the convergent transition  section. The combustor length w a s  inches, 
measured from the  fuel   in jector   to  the primary water spray, which w88 * 

located at the combustor exit t o  quench the combustion reaction. The can- 
bustor length w a s  assumed t o  end at the primary quench water spray even 
for   the data points which used no quench water; this assunption is  sribject 
t o  question, as discussed in appendix B. The cmbustor w a s  cooled exter- 
nally  by air jets directed on i t s  top and bottom surfaces. 

.. 
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The  velocities  measured  at  the  combustor  inlet  are  shown In figure - 3. The  canbustor-inlet  conditions  were  approximately  the  same as those 
at  which  the  combustion  efficiency  data  were  obtained.  The  velocity  pro- 
file  was  comparatively  flat, varying less than &5 percent  from the aver- 
age value of 268 feet  per  second. 

Fuel-Injector-Flameholder  Configurations 

'3 
cd 
P 

The  seven  fuel-injector-flameholder  configurations  tested are  
shown in  figure 4. The  pertinent  features of each  configuration  are 
summarized in table I. 

Fuel  System 

The  gaseous-hydrogen fuel was  supplied  from  cylinders  at an initial 
pressure  of 2400 pounds per s q w e  inch  gage and was passed through a 
pressure-reducing  valve and a sonic-flow metering  orifice  to  the  fuel 
injector.  Variation of the  fuel  weight  flow w a s  obtained. by varying the 
pressure  upstream  of  khe  sonic-flow  orifice. 

Instrumentation 

The  airflow w a s  measured by the  orifice run shown in figure 1. The 
differential  pressure was lndicated on a U-tube  manometer, and the *e 
pressure was indicated on a absolute  manometer. 

The  fuel  flow was measured by a calibrated  sonic-flow  oriffce.  The 
pressure  upstream  of  this  orifice w a s  indicated on a Bourdon tube  gage. 
Temperatures in the  fuel-and  cmbustian-air  lines  were  measured by iron- 
constantan  thermocouples.  The gas temperature  at  the  calorimeter  exit 
was  measured by I 9  Chrmel-Alumel  thermocougles in two  rakes.  The  calo- 
rimeter  wall  temperature w a s  measured by four  iron-constantan  thermo- 
couples  at  circumferentid  stations goo apart at  the axid station of 
the  thermocouple  rekes. FLll temperatures  were hdicated on nonrecording 
self-balancing  potenticmeters. 

Combustor  Operating  Conditions 

The vazious configurations  were cmpared on the  basis  of  canbustion 
efficiency at the  followFng  operating  conditions: 
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lnlet  air  pressure,  in. Hg abs . . . . . . . . . . . . . . . .  14.7kl. 7 
M e t  air  total  temperature, OF . . . . . . . . . . . . . . . .  84&4 
W e t  air  Mach  number . . . . . . . . . . . . . . . . . . . .  0.2W.04 
Equivalence  ratio . . . . . . . . . . . . . . . . . . . .  0.08 to 0.53 
These  values  correspond  approximatelyto  the  canbustor-inlet  conditions 
in a ramJet  tested in m e  of  the NACA small supersonic  wind  tunnels 
operating  at  Mach 3.0 Ehnd an mbient pressure  equivalent to an 80,000- 
foot altitude. 

Canbustor-Inlet  Velocity  Profile 

The  velocity  survey was made  at  the  cmbustor-inlet cross section. 
The fuel-inJector-flemeholder configuration was replaced  by a six-tube 
total-pressure r&e at  each  of  .three  stations m 0 8 s  the  1-inch  dimension 
of the  duct.  The  total  pressures,  indicated by manometers,  were  recorded 
at  the  combustor-inlet  conditions  at  *ich  the  canbustion  efficiency 
data  were  obtained.  Wall  static  pressure w a s  measured  in  the  plane  of 
the  total-pressure  survey. From this  static  pressure and the  total  pres- 
sure measured at a given  point,  the local M a c h  number was determined. 
The loca l  velocity w&8 then  readily  obtained from this M a c h  number and 
the  inlet  total  temperature. 

Combustion  Efficiency 

Combustion  efficiency  was  determined  over a range of equivalence 
ratio  for  each  configuration.  Equivalence  ratio  is  the  metered  fuel-& 
ratio  divided by the  stoichiametric'fuel-air  ratio of 0.0294 for hydro- 

asd  the  cambustor-inlet  conditions  were  set.  Quench  water wa8 added as 
needed,  first  through  the  primary  sprays and then  through  the  secondary 
sprays  to  keep  the  calorimeter rake temperature  between 400° and 500° F. 
The ratio of the  measured  enthalpy  rise in the  calorimeter to the  theo- 
retical  heating value of  the  fuel  is  defined as combustion  efficiency. 
All symbols  are  defined in appendix A, and a more  detailed  analysis  of 
the  method  of  computing  canbustion  efficiency  is  presented I n  appendix B. 

, gen.  After cmbustion waa  established, a fuel-flaw  rate wa8 selected, 

Combustor  Blowout  Pressure 

Combustor  blowout  pressure was determined  for a range  of  equivalence 
ratios,  with  the  burner-inlet  airflow and temperature  held  constant. An 
airflow of 0.4 pound per  second  was  chosen became it  corresponds  to a 
ramjet  operating  supercritically  at the wind tunnel  conditionk.  Because 
of  safety  restrictions,  the m e x i m u m  equivslence  ratio  at  which  blowout 
data  were  obtained wa8 in general  about 0.30. 

I% 
N 0 
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After combustion was  established a t  the combustion eff ic iency  tes t  - conditions,  the  burner  pressure w a s  lowered until blowout occurred. Mach 
nmber was calculated from the  burner static  pressure at blowout and the 
airflow at the combustor inlet .  The total   pressure at blowout was  then 
obtained from Mach nmber and s t a t i c  pressure. 

RESULTS 

Combustion Efficiency 

Initial t e s t s  were conducted usFng a simple spray bar (1/4 in. 
diam. ) as fuel  injector and flameholder. This  configuration would not 
stabil ize  the canbustion at the   t es t  conditions.  Modifications in or i f ice  
size (0.026- t o  0.067-in. diam. ), spacing, and orientation were not suf- 
f i c i en t   t o  provide the required  stability; consequently, more  complex 
systems were explored. 

Configuration A. - A maximum combustion efficiency of 80 percent 
was obtained  with  the scaled-down version of a swirl can used Fn refer- 
ence 6. Figure 5 shows the ccanbustion efficfency  increasing vith equiva- 
lence ratio untiil blowout occurred at an equivalence r a t i o  of 0.30. 

Confiwat ion B. - By using a shrouded, flattened  spray bar similar 
t o   t ha t  of reference 7, scattered  efficiency data were obtained  as shown 
in figure 6. Although efficiency as high as 87 percent w a s  obtained  with 
th i s  configuration, combustion was unstable. Rich blowout occurred at 
en equivalence r a t i o  of 0.29. The fuel jets on the  fuel  supply side of 
the  injector were alternately blaring out end relighting. No evidence 
of burning was vlsible  inside  the  injector shroud. 

Configuration C. - The cmbustion  efficiency  increased  with  increas- 
ing  equivalence ratio,  reaching a maxFmum of 78 percent  (fig. 7). D u r i n g  
operation at an equLvalence r a t i o  of 0.08 the gutters were heated t o  
incandescence. A s  fuel flow and, consequently, equivalence r a t i o  in- 
creased, the incandescence faded. Just   prior t o  blowout (equivalence 
ratio of 0.24), the combustor appeared dark. 

Confiauration D. - Figure 8 shows the ccanbustion efficiency  reaching 
a peak value of 77 percent at an equivalence ratio of 0.29 and then de- 
creasing t o  blowout at an equivalence r a t i o  of 0.42. 

Configuration E. - A decrease in fuel-injection  velocity  by doubling 
the number of points of injection over those of configuration D raised 
the peak canbustion  efficiency t o  89 percent  (fig. 9)  but had l i t t l e  
effect  on rich-blowout  equivalence ratio.  



6 NACA RM E58D15a 
rn 

Configuration F. - The canbustion efficiency data shown i n  figure 
10 f o r  configuration F were  above 85 percent f o r  a range of equivalence 
rat ios  from  0.32 t o  0.52 at in l e t  air conditions of pressure, 15 inches 
of mercury absolute, Mach  number, 0.24,  end temperature, 800 F. The 
maximum combustion efficiency, 90 percent, for  all configurations  teated 
was achieved  by th i s  configuration a t  an equivalence r a t io  of 0.52. No 
blowout was encountered  over the raage of eqyLv&lence r a t io  covered. 

- 

Configuration G. - The admission of air inside the V-gutters of 
configuration F dropped the cmbustion  efficiency curve about 5 percent d 
a t  lean  equivalence ratios (fig. 11). No blowout was encountered at the ? 
combustion efficiency  test  conditions. 

C 

Combustor  Blowout Pressure 

The combustor-blawout-pressure data are presented in  figure 1 2  for 
the seven combustor configurations. The variation of  combustor  blowout 
pressure with equivalence r a t i o  is observed t o  follow three  dist inct  L 

patterns.  Configurations A, B, and C follow c ~ s  of -increasing slope 
(fig. 12 (a) ) . Configurations D and E follow ~irrves with decreasing 
slopes (fig. L2(b ) ) .  The blowout-pressure  curves of configuration F and P 

G (fig.  lZ(b)) have a constant  slope at a lower pressure  level  than  the 
other  five  configurations.  Configurations F esd G, which had the best 
blowout characteristics, also exhibited  the best combustion efficiencies. 

DISCUSSION 

The relat ively l o w  ccanbustion efficiencies and the high pressures a t  
which flame blowout occurred can probably be attributed t o  the mall 
combustor size.  Figure 13 (reproduced frm ref. 4) shows minimum tube 
s izes   for  propagation of hydrogen-alr  flames as a function of pressure 
and fuel-air  mixture composition. If it is assumed that the tube dlam- 
eters  in figure  13 are indicative of the quenching distances  in  the  cm- 
bus tors   s td ied  in  this investigation,  then it would be concluded that 
the combustor walls caused very little quenching; but  severe quench- 
may have occurred new the points of flame in i t ia t ion  around the t iny  
fue l  jets. However, i f  allowance is made for  the  increase in  quenching 
distance due to  twbulence  (ref. 4), it appears  possible that the flame- 
holder  surfaces and  combustor w a l l s  may have also exerted some detrimental 
quenching effects. - 

It therefore appears l ike ly   tha t  flame-quenching resulting from the 
small combustor size may account for  the high blowout pressures and i n  - 
part   for  the low cabustion  efficiencies. It would appear tha t  the l o w  
combustion efficiencies cduld also be attributed in  pa& t o  inadequate 
fuel-air mixing in the  short-length combustor. .1 MJxFng could be improved 
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- by using more sources of fuel  injection,  but this would result in  smaller 
ingectors and even more flame-quenching. The canbustor  configurations 
investigated  therefore  represent cnmpramise designs  necessaxy t o  provide 
both adequate mixing and adequate flame stabil i ty.  

Effect of Design Variables on Combustion Efficiency 

Configurations A, B, and C burned at the  specified  inlet  conditions 
(where a simple spray  tube would not burn) but with poor and scattered 
combustion efficiency. These scattered data seemed to be caused by 
marginal stabilizatdon  characteristics, which indicate  that  injector 
configurations  like A o r  B cannot  be scaled down th i s   f a r .  

Configurations D e E in jec t   fue l  in an en tbe ly   d i f f e ren t  manner, 
that is, direct ly  downstream at high  velocit,y. The fuel  concentration 
in or near  the  flameholder would be much l e s s  than with  configurations 

further  increase in cabustion  efficiency and s t a b i l i t y  between configu- 
rations E and D could have resulted f rom 821 increased fuel  concentration 

velocity wou ld  have the  greater  fuel  concentration and did have the 
higher, less  scattered, combustion efficiency. 

m A, B, o r  C, which possibly accounts f o r  the increase in   s tab i l i ty .  The 

" in the flame stabil izing region. Configuration E with less fuel-injection 

Configurations F and G gave the best combustion efficiency of all 
the configurations  tested.  Presmably,  the V - g u t t e r s  provided a pilotfng 
zone neither too rich, &8 in configurations A, B, o r  C, nor  too lean, as 
in configurations D o r  E. In addition,  the shape of the combustion effi- 
ciency  curves  (increasing combustion efficiency with increasing equiva- 
lence r a t io )  indicates that good fuel-air  mixing occurred with maximm 
canbustion  efficiency  realized  as a stoichiometric  fuel-air ratio is 
approached. The mixing may be too vigorous at lower equivalence r a t io s  
and probably  came8  dilution-quenching, which would account f o r  the com- 
bustion  efficiency  falloff.  Configurations  F and G differed in  that a 
small amount of a i r  was admitted through a hole in the V-gutter f o r  con- 
figuration G. The difference in  combustion efficiency, i f   s ignif icant ,  
w a s  that   the combustion efficiency of configuration G w&s 5  percent lower 
at low equivalence ratios,  possibly because of greater  dilution-quenching. 

Effect of Design Variables on Blowout L imi t s  

Configurations A, B, and C in jec t   fue l  against and inside a cold 
flameholder wall. Figure 13 (reprduced from ref. 4) shows that quench- 
ing diameter i s  a  funct.ion of presswe and equivalence ratio.  If blowout 
were a resu l t  of wall-quenching or  a local  rich  flammability limit, in- 
creasing the equivalence ratio in a zone tha t  w a s  already over stoichio- 
metric would increase the blowout pressure. A sharply  increasing blowout 
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pressure i n  the higher  eqgivalence rat ios  was observed fo r  configurations 
A, B, and C (fig.   12(a)),  which indicates  that a canbination of w a l l -  
quenching w i t h i n  the flameholder and of a local rich blowout limit prob- 
ably w a s  controllin@;  the blowout. 

Configurations D and E inject   fuel  downstream at a high velocity 
thereby  causing  the  region  inside  the  gutter t o  have a lower local equiv- 
alence  ratio.  Increasing  equivalence r a t io  has only a slightly  increas- 
ing  effeat  on blowout pressure f o r  these  configurations  (fig. 12(b)). 
It can be assumed that because of the fuel-injection  direction a rich 
blowout limit WES not reached local ly  and that blowout was more a result 
of wall-quenching within the flameholder. 

Q 
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The blowout pressures f o r  configurations F and G were lower than 
those of D and E, but  the  curves were of similar slopes (fig. 12(b)). 
The lower blowout pressure .ten be attributed  to  the  greater w i d t h  of the 
V-gutter with ita  larger  effective  turbulent wake or   to -a   be t te r   loca l  
equivalence r a t i o  within the  stabilizing region. The sfmilmity of slopes - 
leads  to  the sane  conclusion that the  local equivalence r a t i o  in the V- 
gutter did not exceed the  r ich blowout limit. It seems lFkely  then that 
a small amount of fuel diffused from the   j e t  and burned while s t i l l  within ” 
the V-gutter. The greater  portion of the fuel impinged on the combustor 
wall and was deflected or fanned out sideways, a phenomenon that should 
produce good mixing and spreading of the  fuel. 

” 

SUMMARY OF RESULTS 

Seven fuel-injector-flameholder  configurations were tested i n  a 
1 1- by 6-inch rectangular combustor % inches long. The resul ts   me a6 

follows : 

1. The best   configuration  (cdiguration F) produced canbustion 
efficiencies over 85 percent fo r  equivalence rat ios  f r o m  0.32 t o  0.52 at 
the following i n l e t  air conditions: a pressure of 15 inches of mercury 
absolute,  a Mach number  of 0.24, and a temperature of 80° F. 

2. This same configuration also had the  best flame s tabi l i ty ,  blowing 
out a t  a  pressure of 19 inches of mercury absolute and a Mach  number of 
0.57 f o r  a  rmge of equivalence r a t i o s   f r m  0.08 t o  0.27. 

3. Several hydrogen cabustors  that had previously provided high 
performance a t  comparable conditions were reproduced on the smal l  scale 
necessary t o  f i t  i n t o  the 1- by  6-inch  duct. One of these configurations 
gave no .combustion; the  others showed marginal s t ab i l i t y  and low 

- 
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- combustion efficiency. The poor performance w a s  probably due t o  a 
quenching effect,  either Inside the flameholder or Fn the stream itself. 

Lewis Flight Propulsion Laboratory 
National.  Advisory Ccmrmittee fo r  Aeronautics 

Cleveland, Ohio, April 28, 1958 
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APPENDIX A 
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SYMBOLS 

heat  capacity,  Btu/lb, OF 

enthalpy rise .of cambustian air, Btu/seC 

lower heat of cmbustion of  hydrogen, B t u / l b  

enthalpy r i s e  of fuel, Btu/sec 

enthalpy rise of quench air, Btu/sec 

enthalpy of steani at temperature TQ, referenced t o  liquid water 
a t  32O F, Btu/lb 

enthalpy r i s e  of quench water, Btu/sec 

heat lo s t  from burner wall t o  roau air, Btu/sec 

heat  lost from calorjmeter t o  room by convection, Btu/sec 

heat  transferred t o  water  jacket,  Btu/sec 

heat gaFned (+) or   los t  (-) by  calorimeter piping, Btu/sec 

air inlet temperature, % 

fuel  w e t  temperature, OF 

temperature of water entering  mter  jacket, OF 

temperature of water leaving water jacket, ?F 

c a o r h e t e r  pipe  temperature, OF 
gas  temperature at c w u e t e r  exit ,... 9 - .- 

water inlet temperature, OF 

time, sec 

. .  

combustion airflow rate, lb/sec 

fuel-flow rate, lb/sec 
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wsa 
WW quench water-flow rate, lb/sec 

w-ater-fluw ra te  t o  water Jacket,  lb/sec 

quench airflow  rate,  lb/sec 
- 

TB ccrmbus tion  efficiency 
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APPENDIX B 

EEA!I"BALAwcE COMBUSTION EFFIClENCY 

Combus t ion Terminat ion 

NACA RM E58D15a . 

The combustion length w a s  assumed to end where the quench-water 
spray w a s  added. Reference 8 shows data where  combustion efficiency 
remained constant  while  the amount  of  quench water varied, W c h  thus Q 
indicates  that  the  reaction was quenched independently of the water-flow 8 
rate. However, no quench water  could be added below an equivalence r a t io  
of about 0.28 becasise of low canbustion efficiency and fuel  flow. Since 
quench water was not added, the actual burning length may have been 
longer  than  the combustor length. In general,  the  data  pohts with no 
quench water are of less interest  because they axe already  points of low 
cambustion efficiency. The fact that the cambustion efficiency curves 
blend smoothly (such as fig. 10) from data taken with no quench water t o  
data taken  with quench water  indicated  that  the  canbustion w a s  cconpleted 
or  terminated by the same point  (primary quench-water station) for both 
cases. The open symbols are data &ere no quench water waa added,  and 
the sol id  symbols are  with quench water. 

Calculation Method 

The heat-balance method of measuring canbustion efficfency  consists 
simply of adding the measured rise in enthalpy of the combustor- 
calorimeter flow system t o  the  heat  lost   to  the surroundings f r m   t h e  
flow system and comparing th i s  sum t o  the  theoretical  heat released by 
complete cabustion of the  fuel. 

The flow system consists of canbustion air ,  gaseous-hydrogen fuel, 
air for  aspirating  the secondmy water spray bars, and water f o r  the 
primary and secondarry water spray bars. The combustor  and calorimeter 
piping  are  considered surroundings mi3 not part of the flow system (see 
fig. 14). 

It is  assumed that the reactants  (fuel and combustion a i r )  are 
ra ised  to  the calorimeter-exit  temperature, a t  which the reaction occurs. 
The assumption elFminates the need t o  know the  heat  capacity of the 
products. The enthalpy rise of the combustion air i s  

. .  

.. 

where Cp = 0.25 f o r  air (ref. 9). 
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The enthalpy  rise of the  fuel  is given  by - 
A H f  Wf 3.5 (TQ - Tr) 

where $ = 3.5 for  hydrogen (ref. 9). 

The enthalpy change of the air t o  the secondary  spray  bar is given 
by 

&Iqa = Wqa 0- 25 (TQ - Ta) 

The enthalpy rise of the quench water is  

where AHv is the  stem  enthalpy  at  temperature TQ (ref. 10). 

Reat f l o w s  t o  or  frcnn the surroundings by four  processes. Heat is 
removed from the system by cooling water in a water jacket at the combus- 
t o r  exit. Heat is gained or  l o s t  in the calorimeter  piping because the 
pipe  temperature i s  not at equilibrium  with the exhaust  gases. Heat i s  
l o s t  by convection frm the calorimeter  piping to   t he  room air. The  com- 
bustor walls a l s o  give up heat  by both  forced  convection and radiation. 

- 

The heat removed through the water jacket may be expressed as 

The change i n  heat  content of the calorimeter p i p k g  i s  

where  ATp/t i s  the change in c'alorimeter wall temperature with time 
and 111 represents  the  nmber of Btu's  required t o  ra ise   the calorimeter 
pipe  temperature lo F. If the w a l l  temperature is increasing,  the Qp 
term 'is positive; however, i f   the  w s l l  temperature is decreasing, Qp i s  
negative. 

The calculated  heat loss by convection and radiation frm the  calo- 
rimeter  pipe Qc t o  r o m  air is shown i n  figure 15 as a function of the - pipe w a l l  temperature !I+. 

Calculations f o r  the rectangular  cmbustor showed tha t  with  forced - convection abouk 3 percent of the combustion heat release was l o s t  through 
the combustor WELUG. This  3-percent  value i s  added on t o  the combustion 
efficiency. 
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The theoretical  heat  release wa.a taken as the lower heat of canbus- 

t ion LSEB of gaseous-hydrogen fue l  at the  calorimeter-exit gas teapera- - 
ture TQ. The variation of the lower heat of canbustion with temperature 
is shown in figure 16. The curve is a plot of Kircbhoff * 8 -integrated 
equation using heat  capacity data frm reference 7 and an L!EB of 
-51,571.4 at 77O F. 

l!G 
The combustion efficiency is expressed  by a 

flB =( ma + + mqa + + + Qj + QP + ") +3 

Wf +6 

The approximate percentage of the t o t a l  measured heat  release  contributed 
by each of the terns in  the  heat  balance is 

Term Percent o f  t o t a l  heat  release 
fo r  a typical data point 

With quench 
water water 

Without  quench 

m a  20.0 49.0 

f=f 
%e. 

5.5 4.3 
5.5 

A% 54.8 0.0 

Q3 
QP 6.0 16.9 

Qc 0.5 4.8 

12.4 

4.6 7.7 

T o t a l  100.0 loo. 0 
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Figure 2. - Detailed view of test  section containing 1- by 6-lnch rectangu-  ramjet 
combustor. ( A l l  dimensions in inches .) 

. 
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-1 + + + + + + I  
Ccrmbuetor-inlet cross section s h w  locstion of 

velocity measurements 

Distance across combustor, in. 
Figure 3. - Canbustor-Met velocity profile. Inlet air weight flaw, 
0.4J5g1.005 pod per second; static pressure, 13.9W.08 Inches of 
mercury;  temperature, 85' F. 
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(a) Configuration B, shrouded spray bar. 

Figure 4. - Continued. Details of f u e l - i n j e c t o r - f h o l d e r  CorSigurations tested in 1- by 
6-Fnch rectana;ular rmjet ccanbustor. ( A J l  dimensions in inches. ) 
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Six 0.067-dim. fuel orifices equally spaeed 
jnject  fuel upstream into  gutter and 
thence  out through slots 

Airflow 

...................... ................................................ ....................................................... . .  

............................................................. .......................... ........... 

Looking upstream into canbustor fm 
(c)  Configuration C, extended slopiag gutter. 

Figure 4. - Continued. Details of fuel-injector-flameholder  configurations  tested in  1- by 
6-inch rectangular rsDnjet canbustor. ( A y  dimensions in inches. ) 
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6-inch rectangular raujet cornhator. (Al l  dk€mIiOnS in inches.) z 
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. Looking up~trem into combustor / l? is6=m 

( f )  Configuration F, short V-gutters. 

Figure 4. - Continued. Details of fuel-inJsctor-flmeholdar configurations  tested in 1- by 6-inch 
rectangular ramjet  canbustor. ( A l l  dlmenalaus in Inches.) 
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Looking upstream into combustor EEmJ 
(g) Configuration G, short V-gutters wlth air inlet holes. 

FlgP.e 4. - Concluded, Details of fuel-iqjectcr-flaneholdmeholdar configurations  tested in 1- by 
6-inch rectmgular ramjet cmbustor. ( A l l  dimemions in inches.) 
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4- Section A 4  

Figure 5. - Combustion eff ic iency of configuration A. Inlet 
air pressure, 13. Sa. 6 inches of mercury; inlet Mach nmber, 
0 . 2 6 ~ 0 . 0 2 ;  i n l e t  temperature, 8loG0 F. 
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Figure 6. - Combustion efficiency of configuration B. Inlet 
a i r .  pressure, 14.w. 5 inches of  mercury;  inlet Mach number, 
0.25jgl.02; inlet temperature, 8Ook3O F. 
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Section A-A 

~ 

0 .08 .16 - 2 4  .32 
Equivalence r&io 

Figure 7. - Combustion efficiency of configuration C. Inlet 
air pressure, 15. w . 8  inches of mercury;  inlet Mach nunber, 
0.23H. 01; inlet air temperature, 80° F. 
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Section A-A 

NACA RM E58D15a - 

..... . .  
. .  

Figure 8. - Combustion effictency of configuration D. Inlet 
air  pressure, 14.8k0.9 inches of mercury; inlet .  Mach number, 
0.24&. 02; inlet temperature, 78O&l0 F. 
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Solid symbols denote 
quench-water f l o w  
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Eqgivalence r a t io  

Figure 9. - Canpustion efficiency of configuration E. Inlet air 
pressure , 14.6s. 6 Fnches  of mercury; in le t  Mach nunber, 
0 . 2 W .  02; inlet temperature, 78OkI-O F. 



Equivalem.3 ratio 

Figin-e 10. - babustion efficiency of configuratiau F. W e t  aFr peasme, 15.1&2 
inches of mercury, inlet Mach mmbr, 0.24j9.W; inlet tanperature, 8 7 O k W  F. 
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Equivalence ra t io  

Figure U. - Cwbustlon efficiency of configuration G. m e t  air pressure, 
14. W . 0  inches of mercury; inlet Mach number, 0.2w. 02; m e t  tempera- 
ture, 730GO F. 
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I I I I I I 
Configuration 

- 0  A 
B 
C 

Untailecl symbols denote blowout 

(a) canfigmatione A, B, end C. 

Figure 12. - Cabustor-Inlet total pressure anB equivalence raMo at blowout for  several 
configurations. Cdbustm-inlet total taaperature, 8@,t10b F; airflow, 0.397fl.033 
pound per second. 
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Figure 13. - Estimated preesure limits of flame propagation for 
hydrogen-air mixtures with various tube diameters.  (Reproduced 
f r o a n  ref. 4. ) 
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Figure 14. - Combusbr-calorimeter heat-balance syetem. ( A l l  dimensions in inches.) 
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Figure 15. - Convection heat loss frm calorimeter piping 
to roam air. 
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Figure l6. - kwer heat of cm’bustfon of hydrogen at 1-atmosphere pressure. 
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